Introduction {#sec1-1}
============

Galanin (Gal) is a neuropeptide expressed in less than 5% of dorsal root ganglion (DRG) neurons and interneurons in the spinal dorsal horn (SDH). After peripheral nerve injury, Gal expression increases rapidly and markedly in DRG and SDH neurons (Hokfelt et al., 1987; Villar et al., 1989), implying that Gal may be associated with pain modulation and nerve regeneration. Many studies have shown that Gal plays an important role in modulating nociception and protecting neurons from damage in the central and peripheral nervous systems (Suarez et al., 2006; Hulse et al., 2011; Cordero-Llana et al., 2014). Galanin receptors 1 and 2 (GalR1 and GalR2) are highly expressed in DRG and SDH neurons (Brumovsky et al., 2006; Shi et al., 2006) and mediate the important biological roles of Gal (Landry et al., 2005; Pope et al., 2010).

Diabetic neuropathy is the most common clinical peripheral neuropathy and DRG neurons injury may be a causative factor (Shi et al., 2013; Menichella et al., 2014). SDH neurons are important mediators of nociceptive signals, and the hyperactivity of these neurons is critical in diabetic neuropathy (Wang et al., 2011). However, the mechanisms underlying nerve dysfunction and neuropathic pain in diabetic neuropathy have not been delineated.

Experimental models of diabetic neuropathy can spur the development of novel therapies by providing an understanding of how diabetes alters sensory processing. Sciatic nerve pinch injury is a reliable animal model for evaluating pain behavior and nerve regeneration (Hirose et al., 2010). Previous studies, such as ours (Xu et al., 2012a), have focused on pain regulation by Gal over short time frames and neglected the potential effect of Gal as a neurotrophic factor. Gal has been confirmed to promote the axonal regeneration of DRG neurons *in vitro* (Mahoney et al., 2003), but not *in vivo*, experiments especially in diabetic neuropathy. Therefore, whether extended exogenous Gal treatment can improve the regeneration of peripheral nerves and regulate diabetic pain *in vivo*, needs investigation. The present study explored the effect of Gal on neuropathic pain and nerve regeneration after sciatic nerve pinch injury in streptozotocin (STZ)-induced diabetic rats. The expression of Gal and its receptors (GalR1, GalR2) in the DRG and SDH was also investigated.

Materials and Methods {#sec1-2}
=====================

Establishment of animal models of diabetic neuropathic pain and group assignment {#sec2-1}
--------------------------------------------------------------------------------

We used 96 healthy specific-pathogen-free adult male Wistar rats (200--250 g) taken from a breeding colony maintained at the Experimental Animal Center at Sun Yat-sen University of China (license No. SCXT (Yue) 2011-0029). All procedures were reviewed by, and had the prior approval of, the Ethical Committee for Animal Experimentation of the Sun Yat-sen University. All surgery was performed under anesthesia, and all efforts were made to minimize suffering.

Half of the 96 rats were used to establish diabetic peripheral neuropathy models. Each was administered one intravenous injection of STZ (Sigma, St. Louis, MO, USA; 55 mg/kg freshly dissolved in 0.1 M citric acid buffer, pH 4.5) (Freeman et al., 2016). The blood sugar levels, body weights, and behaviors of these rats were monitored. The diabetic rats included in this study had to meet the two following criteria: blood sugar ≥ 20 mM after STZ injection and maintained until the end of the experiment, and significant neuropathic pain at 12 weeks after STZ injection (tactile threshold ≤ 5 g, thermal threshold ≤ 10 seconds, see Section Evaluation of tactile allodynia and thermal hyperalgesia).

Twelve weeks after injection of STZ, 48 diabetic rats were divided randomly into three different groups as follows: diabetic pinch + Gal (DP + Gal) (*n* = 16), diabetic rats with sciatic nerve pinch injury (see section Establishment of rat models of sciatic nerve pinch injury pain) and treated with Gal (3 μg/d, intrathecal injection) (Tocris Bioscience, Bristol, UK); DP (*n* = 16), diabetic rats with sciatic nerve pinch injury and intrathecally treated with vehicle solution; and diabetic sham (DS) (*n* = 16), sham-operated diabetic rats intrathecally treated with vehicle solution.

Forty-eight normal rats of the same age were also divided randomly into three different groups as follows: normal pinch + Gal (NP + Gal) (*n* = 16), non-diabetic rats with sciatic nerve pinch injury and treated with Gal (3 μg/d, intrathecally); NP (*n* = 16), non-diabetic rats with sciatic nerve pinch injury intrathecally treated with vehicle solution; and controls (*n* = 16), sham-operated normal rats intrathecally treated with vehicle solution.

At 14 and 28 days after left sciatic nerve pinch injury, eight rats were sacrificed and the corresponding DRG, SDH, and sciatic nerve tissue was collected.

Catheter implantation and intrathecal drug administration {#sec2-2}
---------------------------------------------------------

Prior to intrathecal injection of Gal, all rats were anesthetized with 10% chloral hydrate (300 mg/kg) intraperitoneally. A sterile polyethylene catheter (PE-10, 15 cm length) (Instech Laboratories Incorporation, Plymouth Meeting, PA, USA) was inserted into the subarachnoid space through an incision in the gap between the sixth lumbar (L~6~) and first sacral (S~1~) vertebrae. The tip of the catheter was implanted between the L~4~ and L~5~ DRGs (Wu et al., 2004).

Gal was dissolved in artificial cerebrospinal fluid at 0.3 μg/min. The composition of artificial cerebrospinal fluid (pH 7.4) was as follows (mM): NaCl, 138.6; KCl, 3.35; CaCl~2~•2H~2~O, 1.26; MgCl~2~•6H~2~O, 1.16; NaH~2~ PO~4~•2H~2~O, 0.58; NaHCO~3~, 21.0; and glucose, 10.0.

Establishment of rat models of sciatic nerve pinch injury pain {#sec2-3}
--------------------------------------------------------------

Sixty-four rats (32 diabetic rats and 32 normal rats) were divided into DP + Gal, DP, NP + Gal, and NP groups and used to create a sciatic nerve injury model. Sciatic nerve pinch injury was performed similarly to a previously described method (Hirose et al., 2010). Briefly, the rats were anesthetized with 10% chloral hydrate after baseline pain behavior tests were completed. The left sciatic nerve was exposed and pinched for 3 seconds with a microsurgical clamp (0.3-mm tip) at the point where the nerve crosses the adductor brevis muscle. The other 32 rats (16 diabetic rats and 16 normal rats) were divided into DS and control groups, and were used to create sham-operated models. The surgical procedure was identical except that the nerve pinch injury was not performed.

Real-time polymerase chain reaction (PCR) analysis of Gal, GalR1, and GalR2 mRNA expression {#sec2-4}
-------------------------------------------------------------------------------------------

Anesthetized rats were sacrificed by decapitation (14 or 28 days after sciatic nerve pinch injury or sham operation) and tissue (DRG and SDH tissue) collected. The mRNA levels of Gal, GalR1, and GalR2 in L~4--5~ DRGs and the corresponding SDH on the left side were analyzed by real time-PCR. Total RNA was isolated using TRIzol (Invitrogen, Grand Island, NY, USA) and cDNA was synthesized using a RevertAid First Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression was also determined as an internal control. The synthetic oligonucleotide primer sequences are shown in **[Table 1](#T1){ref-type="table"}**.

###### 

Synthetic oligonucleotide primer sequences

![](NRR-11-1517-g002)

Real-time PCR was performed using Maxima SYBR Green qPCR Master Mix (2×) (Fermentas, Vilnius, Lithuania) and a Realplex PCR system (Eppendorf, Hamburg, Germany). The PCR cycle conditions were as follows: activation at 95°C for 10 minutes, followed by 40 cycles of amplification and quantification at 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. A comparative cycle of threshold fluorescence (Ct) method was used, and the relative transcript amount of the target gene was normalized to that of GAPDH using the 2^--ΔΔCt^ method (Livak and Schmittgen, 2001).

Western blot assay of Gal, GalR1, and GalR2 {#sec2-5}
-------------------------------------------

The levels of Gal, GalR1, and GalR2 in L~4--5~ DRG and the corresponding SDH on the left side were analyzed by western blot assay (14 and 28 days after sciatic nerve pinch injury or sham operation). The tissue was homogenized in 10 mM Tris homogenization buffer (pH 7.4) with protease inhibitors. After protein concentrations of the samples were measured, 50 mg protein of each sample was electrophoresed using a 10% sodium dodecyl sulphate gel. Proteins were transferred to a nitrocellulose membrane for immunoblotting. Following blocking in 5% nonfat milk blocking buffer for 2 hours at room temperature, the membranes were incubated overnight at 4°C with the primary antibody goat anti-Gal polyclonal antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat anti-GalR1 polyclonal antibody (1:500; Santa Cruz Biotechnology), goat anti-GalR2 polyclonal antibody (1:500; Santa Cruz Biotechnology), or mouse anti-β-actin monoclonal antibody (1:1,000; Santa Cruz Biotechnology). The membranes were then washed with a commercial washing solution (Beyotime Biotechnology, Nantong, Jiangsu Province, China), and incubated with the secondary antibody rabbit anti-goat IgG-horseradish peroxidase (1:4,000; Santa Cruz Biotechnology) or goat anti-mouse IgG-horseradish peroxidase (1:4,000; Santa Cruz Biotechnology). The immunoreactive bands were visualized on light-sensitive film using an enhanced chemiluminescence western blotting detection kit (Millipore, Billerica, MA, USA). The films were scanned and grayscale values of the bands were analyzed quantitatively using ImagJ 1.39u image analysis software (National Institutes of Health, Bethesda, MD, USA). The levels of Gal, GalR1, and GalR2 were normalized to β-actin.

Evaluation of tactile allodynia and thermal hyperalgesia {#sec2-6}
--------------------------------------------------------

This experiment had two periods of behavioral tests: after STZ injury and before sciatic nerve pinch injury operation or sham operation (for confirming the successful model of diabetic peripheral neuropathy, data not shown) and after sciatic nerve pinch injury operation or sham operation until the end of this experiment (for assessing the effect of exogenous Gal). The left hind paw threshold responses to tactile stimuli were measured using von Frey filaments (BME-403; Chinese Academy of Medical Sciences Institute of Biomedical Engineering, China). The threshold responses to thermal stimuli were measured using a plantar analgesia tester (BME-400C; Chinese Academy of Medical Sciences Institute of Biomedical Engineering). The procedures and calculations were performed as detailed previously (Zhang et al., 2012).

Briefly, tactile allodynia was determined using von Frey filaments applied to the plantar region of the hind paw. Rats were acclimated in clear plastic chambers with a stainless steel wire grid floor individually for at least 15 minutes. Rapid withdrawal or flinching was recorded as a positive response by applying a series of filaments (0.1, 0.5, 1.0, 3.0, 3.8, 5.0, 8.2, and 14.6 g) to the plantar region of the hind paw until the filament bent slightly. Filaments were applied in ascending order for 3 seconds, with an interval of 5 seconds between each. Left hind paws were tested twice to determine an average score. Scoring was cut off at a force of 14.6 g to prevent hind paw injury. The median 50% withdrawal threshold was interpolated according to the sequence of positive and negative scores.

Thermal hyperalgesia was determined as the left paw latency to withdrawal from a heat source radiating a 10-W light beam. Rats were placed individually in transparent plastic chambers. The bottom of the chamber was a thin glass platform that conducted heat from a source below the cage to stimulate the plantar region of the hind paw. The room temperature was maintained at 25°C. The beam source was set with a cut-off time of 20 seconds to avoid tissue injury. Six measurements were taken at intervals of at least 1 minute. Four values were used to calculate the mean paw withdrawal latency after excluding the minimal and maximal values.

Determination of nerve conduction velocity (NCV) {#sec2-7}
------------------------------------------------

Both motor nerve conduction velocity (MNCV) and sensory nerve conduction velocity (SNCV) of the sciatic nerves were determined using a Keypoint electromyography/evoked potentials system (Dantec, Copenhagen, Denmark) at 14 and 28 days after sciatic nerve pinch injury or sham operation. Sciatic nerve conduction was assessed by stimulating proximally at the sciatic notch, which is almost 0.7 cm above the pinch point, and distally at the Achilles tendon with bipolar electrodes as described previously (Xu et al., 2012b). Briefly, the latencies of M-wave (compound muscle action potential) and H-reflex, representing the motor and sensory conduction time respectively, were recorded. Nerve conduction velocity (recorded as meters per second) was derived from the distance between the two stimulation points divided by the difference in the latency.

Morphological observation {#sec2-8}
-------------------------

When the experimental procedures were complete, sciatic nerve explants (2 mm distal to the pinch injury point) were fixed in a 4% paraformaldehyde/3% glutaraldehyde solution for 30 minutes at 4°C. The samples were post-fixed in 1% osmium tetroxide in 0.1 M phosphate buffer for 2 hours at 4°C and embedded in Epon for 72 hours at 60°C. Transverse semi-thin sections (1 μm) of sciatic nerve were stained with 0.5% toluidine blue and observed under a light microscope (Nikon Eclipse 80i, Japan) to detect morphological changes. To enable ultrastructural observations to be made, ultrathin sections (70 nm) of sciatic nerve were processed for electron microscopy, negatively stained with uranyl acetate and lead citrate, and examined using a JEM-1400 transmission electron microscope (JEOL, Akishima, Tokyo, Japan).

Statistical analysis {#sec2-9}
--------------------

The data were analyzed using SPSS 19.0 software (IBM, Armonk, NY, USA) and expressed as the mean ± SD. One-way analysis of variance followed by the Student-Newman-Keuls test for significance was used to compare the differences between various groups. *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Blood glucose levels, body weights, and neuropathic pain in diabetic models {#sec2-10}
---------------------------------------------------------------------------

Rats treated with STZ (55 mg/kg, intravenously) developed hyperglycemia within 1 week, and their serum glucose concentrations were consistently higher than the vehicle-treated rats (12 weeks after STZ injection, diabetes *vs*. control: 25.03 ± 2.06 mM *vs*. 6.07 ± 1.25 mM, *P* \< 0.05). The weights of diabetic rats were significantly lower than those of vehicle-treated rats during the 12 weeks of observation (12 weeks after STZ injection, diabetes *vs*. control: 325.15 ± 18.10 g *vs*. 475.67 ± 19.44 g, *P* \< 0.05). The diabetic rats had a significant decrease in nociceptive threshold. Paw withdrawal from tactile stimulation threshold and thermal stimulation significantly decreased 4 weeks after STZ injection and persisted for the entire study (12 weeks after STZ injection, tactile diabetes *vs*. control: 4.53 ± 0.68 g *vs*. 14.36 ± 0.23 g, *P* \< 0.05; thermal diabetes *vs*. control: 7.79 ± 0.40 seconds *vs*. 11.60 ± 0.86 seconds, *P* \< 0.05).

Gal, GalR1, and GalR2 mRNA expression in the DRG and SDH {#sec2-11}
--------------------------------------------------------

The Gal mRNA levels in the DRG and SDH of normal or diabetic rats under different experimental conditions on days 14 and 28 after sciatic nerve pinch injury are shown in **Figure [1A](#F1){ref-type="fig"}**, **[B](#F1){ref-type="fig"}**. Gal mRNA expression was dramatically upregulated after sciatic nerve pinch injury in the DRG and SDH of diabetic and normal rats (*P* \< 0.001). However, this effect was smaller in diabetic rats than in normal rats (*P* \< 0.05). Exogenous Gal treatment reduced endogenous Gal mRNA expression in the DRG after sciatic nerve pinch injury (*P* \< 0.01). This phenomenon was not apparent in the SDH, and was only observed in diabetic rats on day 28.

![Gal, GalR1, and GalR2 mRNA levels in the DRG and SDH under different experimental conditions on days 14 and 28 after sciatic nerve pinch injury.\
(A) Gal mRNA levels in the DRG. (B) Gal mRNA levels in the SDH. (C) GalR1 mRNA levels in the DRG. (D) GalR1 mRNA levels in the SDH. (E) GalR2 mRNA levels in DRG. (F) GalR2 mRNA levels in the SDH. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. The value of the control group was set to 1. The results are for each experimental group as compared with the control group. The ordinate axis (/control) represents multiples compared with the control group (the value of the control group was set to 1), that is: ordinate value = mRNA expression of each group/mRNA expression of control group. Data are expressed as the mean ± SD (*n* = 8; one-way analysis of variance and Student-Newman-Keuls test). Gal: Galanin; GalR1: galanin receptor 1; GalR2: galanin receptor 2; mRNA: messenger ribonucleic acid; DRG: dorsal root ganglion; SDH: spinal dorsal horn; DP: diabetic pinch; DS: diabetic sham; NP: normal pinch; d: days.](NRR-11-1517-g003){#F1}

The GalR1 mRNA levels in the DRG and SDH of normal or diabetic rats under different experimental conditions on days 14 and 28 after sciatic nerve pinch injury are shown in **Figure [1C](#F1){ref-type="fig"}**, **[D](#F1){ref-type="fig"}**. GalR1 mRNA expression was downregulated in the SDH of diabetic rats (*P* \< 0.01). After sciatic nerve pinch injury, GalR1 mRNA expression was downregulated in the DRG and upregulated in the SDH in both normal and diabetic rats (*P* \< 0.01). Exogenous Gal treatment reduced GalR1 mRNA expression in both the DRG and SDH (*P* \< 0.01).

GalR2 mRNA levels in the DRG and SDH of normal or diabetic rats under different experimental conditions on days 14 and 28 after sciatic nerve pinch injury are shown in **Figure [1E](#F1){ref-type="fig"}**, **[F](#F1){ref-type="fig"}**. GalR2 mRNA expression was downregulated in both the DRG and SDH of diabetic rats (*P* \< 0.05). After sciatic nerve pinch injury, GalR2 mRNA expression was upregulated in both the DRG and SDH of normal and diabetic rats (*P* \< 0.05). Exogenous Gal treatment increased GalR2 mRNA expression in both the DRG and SDH of diabetic rats (*P* \< 0.05).

Gal, GalR1, and GalR2 expression in the DRG and SDH {#sec2-12}
---------------------------------------------------

Gal, GalR1, and GalR2 protein levels in the DRG and SDH of normal or diabetic rats under different experimental conditions injury on days 14 and 28 after sciatic nerve pinch are shown in **[Figure 2](#F2){ref-type="fig"}**. The standard deviation (SD) of the western blot assay was larger than that of real-time PCR, but the trend of protein expression was consistent with the mRNA findings.

![Gal, GalR1, and GalR2 protein expression levels in the DRG and SDH under different experimental conditions on days 14 and 28 after sciatic nerve pinch injury.\
Western blot assay of protein expression (A1--A6). Lane 1: DP + Gal; Lane 2: DP; Lane 3: DS; Lane 4: NP + Gal; Lane 5: NP; Lane 6: control. (B) Quantitative analysis of protein levels. B1: Gal levels in the DRG. B2: Gal levels in the SDH. B3: GalR1 levels in the DRG. B4: GalR1 levels in the SDH. B5: GalR2 levels in the DRG. B6: GalR2 levels in the SDH. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. The value of the control group was set to 1. The results for each experimental group are with the control group. The ordinate axis (/control) represents multiples compared with the control group (the value of the control group was set to 1), that is: ordinate value = protein expression of each group/protein expression of control group. Data are expressed as the mean ± SD (*n* = 8; one-way analysis of variance and Student-Newman-Keuls test). Gal: Galanin; GalR1: galanin receptor 1; GalR2: galanin receptor 2; DRG: dorsal root ganglion; SDH: spinal dorsal horn; DP: diabetic pinch; DS: diabetic sham; NP: normal pinch; d: days.](NRR-11-1517-g004){#F2}

Effects of exogenous Gal expression on pain responses after sciatic nerve pinch injury {#sec2-13}
--------------------------------------------------------------------------------------

Sciatic nerve pinch injury caused severe tactile allodynia and thermal hyperalgesia in both normal and diabetic rats. The tactile threshold responses to the von Frey test in rats under different treatments are shown in **[Figure 3A](#F3){ref-type="fig"}**. The tactile threshold decreased significantly from day 1 to day 25 after sciatic nerve pinch injury in normal rats (*P* \< 0.05). Gal treatment increased the tactile threshold significantly between days 12 and 25 after sciatic nerve pinch injury in normal rats (*P* \< 0.05). The tactile threshold decreased significantly in sham-operated diabetic rats compared with sham-operated normal rats (*P* \< 0.05). Sciatic nerve pinch injury caused more severe decreases in the tactile threshold in diabetic rats (*P* \< 0.05). Gal treatment increased the tactile threshold significantly between days 4 and 28 after sciatic nerve pinch injury in diabetic rats (*P* \< 0.05).

![Tactile allodynia (A) and thermal hyperalgesia (B) in rats under different treatment conditions after sciatic nerve pinch injury or sham operation from day 0 (the basal threshold before pinch injury or sham operation) to day 28.\
(A) The withdrawal threshold response to the von Frey test. The tactile threshold decreased significantly after sciatic nerve pinch injury in normal and diabetic rats. Sciatic nerve pinch injury caused more severe decreases in tactile threshold in diabetic rats. Gal treatment increased tactile threshold significantly after sciatic nerve pinch injury from day 4 to day 28 in diabetic rats (*P* \< 0.05; DP + Gal *vs*. DP). (B) The thermal threshold of the rats under the different treatment conditions. The thermal threshold decreased significantly after sciatic nerve pinch injury in normal and diabetic rats. Sciatic nerve pinch injury induced more severe decreases in thermal threshold in diabetic rats. Gal treatment increased the thermal threshold significantly after sciatic nerve pinch injury between days 12 and 28 in diabetic rats (*P* \< 0.05; DP + Gal *vs*. DP). Data are expressed as the mean ± SD (*n* = 8; one-way analysis of variance and Student-Newman-Keuls test). Gal: Galanin; DP: diabetic pinch; DS: diabetic sham; NP: normal pinch.](NRR-11-1517-g005){#F3}

The thermal threshold responses in rats under different treatments are shown in **[Figure 3B](#F3){ref-type="fig"}**. The thermal threshold decreased significantly between days 3 and 23 after sciatic nerve pinch injury in normal rats (*P* \< 0.05). Gal treatment increased the thermal threshold significantly between days 4 and 23 after sciatic nerve pinch injury in normal rats (*P* \< 0.05). The thermal threshold decreased significantly in sham-operated diabetic rats compared with sham-operated normal rats (*P* \< 0.05). Sciatic nerve pinch injury induced more severe decreases in the thermal threshold in diabetic rats (*P* \< 0.05). Gal treatment increased the thermal threshold significantly between days 12 and 28 after sciatic nerve pinch injury in diabetic rats (*P* \< 0.05).

Effects of exogenous Gal on NCV after sciatic nerve pinch injury {#sec2-14}
----------------------------------------------------------------

MNCV and SNCV decreased significantly after sciatic nerve pinch injury on days 14 and 28 in normal rats compared with sham-operated control normal animals (*P* \< 0.001). Gal administration improved MNCV and SNCV significantly after sciatic nerve pinch injury on days 14 and 28 in normal rats compared with sciatic nerve pinch normal rats without Gal treatment (*P* \< 0.05) (**[Figure 4](#F4){ref-type="fig"}**).

![MNCV (A) and SNCV (B) of rat sciatic nerves under the different treatment conditions.\
(A) MNCV decreased significantly on days 14 and 28 after sciatic nerve pinch injury in both diabetic and normal rats compared with the corresponding sham-operated animals. Gal treatment improved MNCV significantly at the same experimental time points. (B) SNCV decreased significantly on days 14 and 28 after sciatic nerve pinch injury in both diabetic and normal rats compared with the corresponding sham-operated animals. Gal treatment improved SNCV significantly at the same experimental time points. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. Data are expressed as the mean ± SD (*n* = 8; one-way analysis of variance and Student-Newman-Keuls test). MNCV: Motor nerve conduction velocity; SNCV: sensory nerve conduction velocity; Gal: galanin; DP + Gal: diabetic pinch + Gal; DP: diabetic pinch; DS: diabetic sham; NP + Gal: normal pinch + Gal; NP: normal pinch; d: days.](NRR-11-1517-g006){#F4}

MNCV and SNCV decreased significantly in diabetic rats as compared with sham-operated control normal animals (*P* \< 0.05). Sciatic nerve pinch injury in diabetic rats severely decreased MNCV and SNCV on days 14 and 28 compared with sham-operated diabetic rats (*P* \< 0.01). Gal treatment increased both MNCV and SNCV at days 14 and 28 in sciatic nerve pinch diabetic rats compared with sciatic nerve pinch diabetic rats without Gal treatment (*P* \< 0.05; **[Figure 4](#F4){ref-type="fig"}**).

Sciatic nerve fiber alterations with toluidine blue staining {#sec2-15}
------------------------------------------------------------

On day 14 following sciatic nerve pinch injury, most of the fibers in normal rats were undergoing some degree of dystrophy and the internal structure of the nerve was severely disorganized. The fibers recovered by day 28 after sciatic nerve pinch injury. The dystrophy decreased on day 14 after sciatic nerve pinch injury in normal rats with Gal treatment. Most of the fibers recovered to almost normal status on day 28 after sciatic nerve pinch injury in normal rats with Gal treatment. Axons with regular shape and arrangement were seen in normal control rats following sham operations (**[Figure 5](#F5){ref-type="fig"}**).

![Semi-thin cross sections of sciatic nerves under different treatment conditions (toluidine blue staining, optical microscope).\
(A1, A2) Gal treated diabetic rats with sciatic nerve pinch injury on days 14 and 28. (B1, B2) Diabetic rats with sciatic nerve pinch injury on days 14 and 28. (C1, C2) Sham-operated diabetic rats on days 14 and 28. (D1, D2) Gal treated normal rats with sciatic nerve pinch injury on days 14 and 28. (E1, E2) Normal rats with sciatic nerve pinch injury on days 4 and 28. (F1, F2) Sham-operated normal rats on days 14 and 28. Most of the fibers displayed some degree of dystrophy on day 14 after sciatic nerve pinch injury in diabetic (B1) and normal (E1) rats (white short arrow), and partially recovered by day 28 (B2 and E2) (black short arrow). The dystrophic appearance decreased on day 14 after sciatic nerve pinch injury in Gal treated diabetic (A1) and normal (D1) rats (white triangle), and this became more apparent with more regeneration of fibers on day 28 (A2 and D2) (black triangle). The shape of myelin became irregular in sham-operated diabetic rats (C1, C2) (white long arrow). Myelin with regular shape and arrangement was seen in sham-operated normal control rats (F1, F2) (black long arrow). Gal: Galanin; d: days. Scale bar: 10 μm.](NRR-11-1517-g007){#F5}

The shape of myelin became irregular in diabetic rats. The dystrophy was more severe after sciatic nerve pinch injury on days 14 and 28 in diabetic rats compared with normal rats. The dystrophy was less severe after sciatic nerve pinch injury on day 14 in diabetic rats with Gal treatment compared with sciatic nerve pinch diabetic rats. Most of the fibers recovered partially, with irregular shape, on day 28 following sciatic nerve pinch injury in Gal treated diabetic rats (**[Figure 5](#F5){ref-type="fig"}**).

Sciatic nerve ultrastructural alterations {#sec2-16}
-----------------------------------------

In normal rats myelinated axons degenerated to myelin debris and most of the axoplasm was lost at day 14 after sciatic nerve pinch injury. The myelin and axoplasm were partially recovered on day 28. There was no obvious axoplasm loss and myelin breakdown on day 14 after sciatic nerve pinch injury in Gal treated normal rats, and the myelin and axoplasm recovered at day 28. Axons with normal myelin and axoplasm were observed in sham operated normal control rats (**[Figure 6](#F6){ref-type="fig"}**).

![Transmission electron microscope micrographs of sciatic nerves under different treatment conditions (osmium negative staining, transmission electron microscopy) on days 14 and 28 following sciatic nerve pinch injury.\
(A1, A2) Gal-treated diabetic rats. (B1, B2) Untreated diabetic rats. (C1, C2) Sham-operated diabetic rats. (D1, D2) Gal-treated normal rats. (E1, E2) Untreated normal rats. (F1, F2) Sham-operated normal rats. Myelin degenerated to debris and most of the axoplasm was lost on day 14 after sciatic nerve pinch injury (B1) and in normal (E1) rats (white short arrow), had partially recovered by day 28 (B2 and E2) (black short arrow). Axonal regeneration was observed on day 14 after sciatic nerve pinch injury in Gal treated diabetic (A1) and normal (D1) rats (white triangle). These phenomena were more apparent on day 28 (A2 and D2) (black triangle). The myelin shape became irregular in sham-operated diabetic rats (C1, C2) (white long arrow). The most myelin with regular shape was seen in sham-operated normal control rats (F1, F2) (black long arrow). Gal: Galanin; d: days. Scale bars: 1 μm.](NRR-11-1517-g008){#F6}

Irregularly shaped myelin was seen in diabetic rats. The myelin had completely broken down to myelin debris and the axoplasm disappeared completely on day 14 after sciatic nerve pinch injury in diabetic rats. The myelinated axons with irregular shape were regenerating on day 28 after sciatic nerve pinch injury in diabetic rats, and on day 14 in Gal treated diabetic rats. Myelinated axons with regular shape and normal myelin were seen on day 28 after sciatic nerve pinch injury in Gal treated diabetic rats (**[Figure 6](#F6){ref-type="fig"}**).

Discussion {#sec1-4}
==========

Diabetic neuropathy is characterized by a slowing of conduction velocity and axonal atrophy with neuropathic pain (Zochodne et al., 2004). In this study, we found that neuropathic pain was more severe in sciatic nerve pinch diabetic rats that were in a stable pain hypersensitiveness stage 12 weeks after the induction of diabetes. Significant improvements in hyperalgesia and nerve regeneration were observed in sciatic nerve pinch diabetic rats treated with exogenous Gal. These phenomena were accompanied by alterations in the expression of endogenous Gal and its receptors (GalR1 and GalR2) in the DRG and SDH. This plasticity may be involved in diabetic neuropathy.

Gal is only expressed at low levels in a small group of neurons in the DRG and SDH under normal conditions but expression significantly increases following nerve injury (Hokfelt et al., 1987; Villar et al., 1989). In this study, Gal expression was not obviously changed in STZ-induced diabetic rats, suggesting that complex mechanisms exist to adjust endogenous Gal expression after the induction of diabetes. Low levels of endogenous Gal expression were observed in diabetic rats after sciatic nerve pinch injury, suggesting that insufficient endogenous Gal might correspond with more severe and longer neuropathic pain and delayed nerve regeneration in diabetic rats. The exact molecular mechanisms of this phenomenon need to be elucidated, but the current data clearly shows that DRG and SDH Gal levels are suppressed in diabetic neuropathy, regardless of any additional injury. In this study, Gal was up-regulated in the DRG and SDH on day 28 after nerve injury in diabetic rats, and this upregulation was decreased by exogenous Gal administration. The decrease in endogenous Gal expression induced by intrathecal injection of exogenous Gal may be due to two possible reasons: degenerative feedback, which is widespread in gene expression regulation, and better neuronal recovery due to the neurotrophic effect of exogenous Gal (Hobson et al., 2010).

It has been demonstrated that sciatic nerve pinch injury induces an upregulation of a neuropeptide pain marker calcitonin gene-related peptide in the DRG of rats (Hirose et al., 2010). The release of neuropeptide pain markers in the spinal cord can be prevented by intrathecal injection of Gal (Hua et al., 2005). Gal has a moderate inhibitory effect on spinal nociception under normal conditions, whereas Gal expression changes following peripheral nerve injury, and plays a critical regulatory role in nociception in neuropathic states both in the DRG and SDH (Xu et al., 2010). This study showed that exogenous Gal can attenuate tactile and thermal responses both in normal and diabetic nerve pinch rats. These effects of Gal may partially correlate with reduced spinal hyperexcitability through a postsynaptic blockade of the excitatory effects of substance *P* and calcitonin gene-related peptide released from active afferent nerve terminal fibers.

Many studies have shown that nerve regeneration after injury is impaired in diabetic animals and patients as a result of delayed Wallerian degeneration, and deficiencies of axonal sprouting, elongation and maturation (King et al., 1989; Said et al., 1992; Thomas et al., 1996; Chen et al., 2010; Ali et al., 2014). Although several mechanisms may target peripheral neurons, they produce a degenerative pattern of damage that begins in distal terminals. Moreover, sensory neurons are involved earlier than motor neurons (Zochodne et al., 2008). It is important to enhance nerve regeneration as well as to prevent nerve degeneration in the treatment of diabetic neuropathy (Yasuda et al., 2003). Experimental diabetic peripheral neuropathy is marked by impaired NCV in STZ-injected diabetic rats (Srinivasan et al., 2000; Stevens et al., 2000). In this study, the neurotrophic effect of Gal was confirmed by NCV evaluation and morphological observation. Exogenous Gal administration improved NCV and the morphology of the sciatic nerve after pinch injury in both diabetic and normal animals. Gal plays an important role in nerve regeneration, and thereby may be implicated in the generation of pain sensation. The neurotrophic effects of Gal, particularly the long term effects, are important and could lessen nerve damage in diabetic rats, and thus reduce neuropathic pain.

In addition to altered Gal expression under different experimental conditions, changes in the expression of Gal receptors in the DRG and SDH may play important roles after nerve injury. We found that GalR1 was downregulated in the SDH of diabetic rats and further decreased after sciatic nerve pinch injury. This phenomenon was more obvious when exogenous Gal was applied, unlike in the DRG where GalR1 was downregulated after sciatic nerve pinch injury and was further depressed by exogenous Gal application. Based on the observation that GalR1 activation produces hyperpolarization *via* Gi/o and inhibits adenylyl cyclase (Lang et al., 2007; Kong and Yu, 2013) GalR1 expression in the DRG and SDH might inhibit pre- or/and post-synaptic abnormal nerve excitability in diabetes. GalR1 expression in diabetic rats was lower than that in normal rats after sciatic nerve pinch injury. This may be another explanation for the more severe pain seen in diabetic rats. We found that although exogenous Gal application further reduced GalR1 levels in the DRG and SDH, diabetic neuropathic pain could still be effectively reduced by daily intrathecal injection of Gal. GalR1 is still a valid treatment target for diabetic neuropathic pain.

Many studies have shown that Gal plays an important anti-apoptotic role and promotes axonal growth through the activation of GalR2 in multiple neurons, including in the DRG, in various types of neuropathy, such as mechanical, degenerative, and metabolic injuries (Xu et al., 2012b; Li et al., 2013; Weyne et al., 2014; Barreda-Gomez et al., 2015). Our current data show that exogenous Gal administration improves neuropathic pain after nerve pinch injury in both diabetic and normal animals. Daily injections of Gal daily should be valued as a treatment that can lessen nerve damage in diabetic rats through GalR2 and reduce neuropathic pain. A recent study found that Gal stimulates large-conductance Ca^2+^-activated K^+^ (BK) channels *via* GalR2 in human embryonic kidney cells (Pan et al., 2014). BK channels are distributed in DRG and SDH neurons and can reduce neuronal excitability *via* K^+^ outward flow (Furukawa et al., 2008; Zhang et al., 2010). Thus, the analgesic effect of Gal on diabetic neuropathic pain functions partly by activating BK channels through GalR2. We found that GalR2 levels were significantly upregulated in DRG and SDH in both diabetic and normal rats after sciatic nerve pinch injury. This phenomenon was more obvious in diabetic rats when exogenous Gal was applied daily. Although a minor reduction in GalR2 expression was found in diabetic rats in our previous study (Xu et al., 2012a), the upregulation of GalR2 in this study was not significantly different between diabetic and normal rats after nerve injury, unlike that of Gal and GalR1. This might indicate that the upregulation of GalR2 expression is an important and basic mechanism after nerve injury, and is not seriously disrupted by diabetic neuropathy. The increase in GalR2 corresponds to Gal upregulation, which seems to be a reactive regeneration mechanism after nerve injury. Exogenous Gal application could increase the expression of GalR2 in DRG and SDH neurons in diabetic rats, which may relate to the better status of these neurons due to the nutritive effects of Gal. In this study, we also observed the very interesting phenomenon that GalR2 level is significant higher in diabetic rats than normal rats after sciatic nerve pinch injury with daily exogenous Gal application. Though the causes of this phenomenon and its mechanisms are still unclear, the upregulation of GalR2 enhances the neurotrophic effects of Gal.

Although our results are based on an animal model, early research suggests that Gal is involved in glucose metabolism and diabetes in humans. Plasma galanin concentrations are significantly lower in type 1 diabetes patients with autonomic neuropathy than in those without (Sundkvist et al., 1992). However, significantly higher plasma Gal concentrations have been detected in type 2 diabetes patients, women with gestational diabetes, and healthy persons during an oral glucose tolerance test (Legakis et al., 2005; Legakis et al., 2007; Zhang et al., 2014). Whether the varying levels of plasma Gal in humans is a cause or a result of diabetes is still unclear. Many studies have shown that Gal may improve insulin resistance and carbohydrate utilization in diabetes by regulating glucose transporter 4 (Zhang et al., 2012; Bu et al., 2014; Fang et al., 2015). As it remains poorly understood whether glucose metabolism in peripheral neurons is influenced by Gal, thereby improving nerve function, this area needs further study. Our present study provides data that may help determine the therapeutic effect of Gal in human diabetic peripheral neuropathy.

In conclusion, Gal and its receptor signaling system are involved in diabetic neuropathy. The expression of endogenous Gal and its receptors (GalR1 and GalR2) in the DRG and SDH showed great plasticity in diabetic rats with sciatic nerve pinch injury. Exogenous Gal treatment significantly improved hyperalgesia and promoted nerve regeneration in sciatic nerve pinch diabetic rats. These findings provide a rationale and experimental evidence for the development of further investigations of Gal therapeutic strategies to alleviate diabetic neuropathy.
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